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Introduction
Three recent papers by La Verne et al. (LaVerne and 
Schuler, 1984, 1987; LaVerne et al., 1986) describe what 
are called track core effects in radiation chemistry, deal-
ing with the production of HO2
● radicals in the heavy 
ion radiolysis of water and of H2 in the heavy ion radiol-
ysis of benzene. 
Since our calculations of the radial distribution of 
dose have shown that there is no “track core” (Waligor-
ski et al., 1986) and that no track core is needed in the 
track structure analysis of the response of the Fricke do-
simeter to energetic heavy ions (Katz et al., 1986), we 
have undertaken a track theory analysis (Katz, 1978) of 
these more recent data. 
The response of the Fricke dosimeter differs in a sig-
nificant way from these measurements in water and ben-
zene, in that the G values of the Fricke decline with an 
increase in LET, while these measurements display an 
increase in yield with an increase in LET. We take this as 
an indication that the Fricke dosimeter is a 1 hit process 
while these responses in water and benzene arise from 
2 hit processes, and here describe the results of our at-
tempt to ascribe parameters to these processes. 
We note that our assignment of these as 2 hit pro-
cesses is not inconsistent with the speculations of radi-
ation chemists. Thus the production of HO2
● radicals is 
believed to require two water molecules, and to be pro-
duced in the second order reaction of hydroxyl radicals 
with hydrogen peroxide. Alternatively, a similar high 
order reaction involving the ionization of H2O2 has been 
proposed. The production of H2 from benzene may in-
volve the bimolecular reaction of excited near neighbor 
molecules. There is presently no quantitative model of 
these processes, either mechanistic or parametric. This 
paper provides a parametric model which yields  a re-
markable fit to the heavy ion data. But we must point 
out that our parametric model is not simply a spline fit 
to the data, but is based on a track theory which is well 
developed for a wide range of detectors. 
Procedure
Our procedure in track theory is to assume a func-
tional form for the response of a system to γ-rays, given 
as the probability for activating the target of a detector 
as a function of the dose of γ-rays. These typically take 
the form of the multitarget or the multihit models of bi-
ological target theory. In the present case we have cho-
sen the two or more hit function arising from the cumu-
lative Poisson distribution, which gives the probability 
that a target will receive two or more hits as a function 
of the number of trials, A. 
P(2, A) = 1 – (1 + A)e–A .                        (1) 
We take the number of trials at dose E to be the ratio of 
E to the dose E0 at which there is an average of 1 hit per 
target so that the number of trials is
A = E/E0 .                                     (2) 
This choice is in conflict with the existing data, for the 
authors have indicated that the yield is independent 
of dose of γ-rays. From the viewpoint of track physics 
one cannot obtain an increase in yield with an increase 
in LET if the yield from γ-rays is independent of dose. 
This point must be resolved experimentally in future, 
presumably with single pulses of energetic electrons of 
varying intensity. 
Having chosen a functional form to describe the γ-
ray dose-response relationship, we now make use of 
our calculations of the radial dose distribution about an 
ion’s path to find the radial variation of activation prob-
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ability. To do this we first assign a size to the target re-
gion, which we take to be a chunky cylinder of radius a0 
whose axis is parallel to the ion’s path. We then find the 
average dose within the target as a function of the radial 
distance of its axis from the ion’s path. Given the dose 
in the target we find the activation probability, and inte-
grate the activation probability radially to find the acti-
vation cross section, σ. Note that the activation cross sec-
tion comes from all the excitations and ionizations about 
the ion’s path, not either the “core” or the “penumbra” 
but both of these. 
If N is the number of targets per unit volume, the 
product σN is the number of activated targets per unit 
path length. Dividing by the stopping power L yields 
the number of activated targets per unit energy depos-
ited, which, properly translated into appropriate units is 
the G value, the number of activated targets per 100 eV 
of energy deposited by the ion. Thus
G = σN/L .                                  (3) 
Since the experiments of La Verne et al. were done with 
stopping particles we must integrate along the ion’s 
path. We find the average value of the cross section by 
integrating σ dr over the range R of the particle, and di-
vide by R to find the average cross section. To find the 
average stopping power we divide the initial energy T 
by R. We take the number of targets per unit volume 
to be the reciprocal of the volume occupied by a sphere 
of radius a0. We assign values of E0 and a0 which yield 
the best fits to the experimental data. Thus we strive to 
fit the experimental data with 3 parameters. The hitted-
ness, C = 2, the dose of γ-rays at which there is an av-
erage of 1 hit per target, E0, and the radius of the tar-
get volume, a0. Our model is statistical and parametric 
rather than mechanistic. No mechanistic explanation of 
these phenomena is presently available. 
The calculated cross section yields the G value only 
in the event that the activation is by a single passing 
ion. We refer to the damage produced by a single pass-
ing ion as “ion kill”. At low fluence where ion paths 
are separated by a distance greater than the range of 
the most energetic δ ray, this is the only mode of acti-
vation. At high fluence the ion kill mode predominates 
for slow heavy ions. With fast heavy ions or with light 
ions, there is a significant residue of partially damaged 
targets which are not activated by a single ion. Indeed, 
the track of a single ion may resemble widely separated 
beads on a string. But targets between the activated ones 
may have been subactivated, as having experienced 1 
hit when 2 are required. These may be activated by the 
δ-rays from another passing ion at high fluence. We call 
this process “γ kill” for it resembles the manner in which 
targets are activated by the secondary electrons from γ-
rays, and therefore follows the functional form of equa-
tion (1). Note that our model takes the probability for 
activation by a single electron and its secondaries to be 
negligible, for a 2 hit process. Hence we exclude the pos-
sibility of ion kill by electrons. 
In the analysis of biological cell survival, the same ar-
gument is carried forward. We calculate as if the origi-
nal cell population is exposed only to the ion kill mode 
of killing, which is described by an exponential function. 
We then assume that the survivors of the ion kill mode 
are the initial population for the γ kill mode, and that 
the fraction of the initial dose which is effective in the γ 
kill mode can be estimated from the fraction of surviv-
ing cells along an ion’s track. This analysis enables us 
to parameterize cell survival in a heavy ion irradiation 
(Katz et al., 1971). The same argument has been used to 
interpret some results obtained in heavy ion lithography 
(Katz, 1983). To carry this type of analysis forward for 
the present case we would like to have information on 
the variation of yield with dose at a wide range of doses 
up to several times E0. 
In the present case we do not know the dose to which 
the materials, water and benzene, were exposed. If the 
fluence of ions is sufficiently low so that there is little 
possibility of overlap, only the ion kill contribution need 
be considered. At higher fluence, and for light ions like 
hydrogen or helium or lithium, and for fast heavy ions, 
we expect that the neglect of the γ kill contribution may 
be significant, and our calculation based on ion kill alone 
should underestimate the experimental results. 
Results
Our results are shown in Figures 1–3. 
In Figure 1 we compare the experimental and calcu-
lated G values for the production of HO2
● radicals in wa-
ter with particles from H to Ni at initial energies up to 
40 MeV. Our choice of parameters is based on the fit of 
our calculations to the more energetic ions in Figure 2. 
We must raise a question about the possibility of experi-
mental problems with these measurements, for an alter-
native explanation, that our theory is in error for ions of 
energy below 40 MeV is set aside by examination of Fig-
ure 3. 
In Figure 2 we display the results for the same radi-
cal production with particles of energy up to 500 MeV. 
Here the fit of our model to data is good for Ni, O, and 
C ions, but there is disagreement for Ne ions, for which 
we have no explanation. 
The parameters we have assigned to this process are 
E0 = 8.5 × 106 Gy, a0 = 0.5 nm, and the minimum number 
of hits required to activate a target c = 2. These values 
imply that the “energy deposited in the target volume” 
when there is an average of 1 hit per target is about 28 
eV. The “radius” of the water molecule—approximated 
as a sphere and calculated  from the density of water, 
the molecular weight, and Avogadro’s number—is 0.2 
nm. 
Our results for the production of H2 in benzene are 
shown in Figure 3. The parameters used are E0 = 8.5 × 
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Figure 1. Experimental G values multiplied by ion initial energies for HO2
● radical yields in water from heavy ions of initial en-
ergy up to 40 MeV are shown as coded symbols. The curves are calculated from track theory using the parameters shown at the 
top of the figure. See text.
Figure 2. See caption for Figure 1. For ions of initial energy up to 500 MeV.
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106 Gy, a0 = 0.4 nm and c = 2. These values imply that 
the “energy deposited in the target volume” is about 
14 eV when there is an average of 1 hit per target. The 
“radius” of the benzene molecule—approximated as a 
sphere, and calculated from the density of benzene, the 
molecular weight, and Avogadro’s number—is 0.33 nm. 
Discussion
If we insist that the number of targets per unit vol-
ume is the reciprocal of the volume per target, our pa-
rameters are tightly constrained, to about 5%. We can-
not further analyze the model for consistency with the 
data without knowledge of the doses and beam fluences 
used in these experiments. Our results for the heavy ions 
are compatible with the data only if the principal mode 
of activiation is by “ion kill,” which is certainly the case 
if the fluence is small so that overlap of δ-rays from ad-
jacent ions is negligible, or if a large fraction of the sensi-
tive targets intersected by the ions are activated. 
It is inconsistent with our model that the G values for 
x-rays and light ions are independent of dose. Expan-
sion of equation (1) in lowest order gives a quadratic 
response with dose for x- or γ-rays. The experimental 
findings claim the G value for x-rays to be dose inde-
pendent. This cannot be the case unless there are dose 
rate problems. To test our assertion one should irradiate 
these materials with pulses of energetic electrons whose 
duration approaches the transit time of a fast ion past a 
molecule, or at least is short compared to the lifetimes 
of excited states or intermediate radicals, or the time for 
the primary reaction products to diffuse away from their 
initial site by several molecular diameters. 
The shape of our plots of yield vs. initial energy dis-
agrees with the data for ions in Benzene of less than 
15 MeV of initial energy. For this we have no explana-
tion. The problem may be with our use of an empiri-
cal expression for the effective charge for both stopping 
power and radial dose calculations for these relatively 
slow heavy ions. We have used calculations based on 
water to fit the benzene data. 
We do not think it fortuitous that the fitted param-
eter a0 is of the order of the molecular “radius” calcu-
lated from elementary considerations though we would 
not suggest that our procedures provide a precise deter-
mination of the molecular size. 
Nevertheless, and in spite of all these caveats, it seems 
clear that one has no need for a specially contrived track 
core through which to analyze these data. The data will 
not make it possible to put a dimension onto the track 
core. Indeed we do not see how one can obtain more in-
formation by analyzing these data than is summarized 
in our parameters. The task of those who would attempt 
to build a mechanistic model of heavy ion radiolysis in 
Figure 3. See caption for Figure 1. Data are for H2 yields in benzene.
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these materials is now to explain the numerical values 
of our parameters. 
These are clearly 2 hit processes. As a result most of 
the activation takes place near the ion’s path. The core of 
which people speak will be different for each detector, 
for it reflects the properties of the detector as much as it 
reflects the radial dose distribution. 
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